Our results demonstrate that the viscosity of aqueous fluids increases only slowly with increasing silicate content. The viscosity of a fluid with 20 wt % (12 mol %) silicate at 800°C, for example, is equal to that of pure water at room temperature (1.0 ϫ 10 -3 Pa s), and that of a fluid with 50 wt % (35 mol %) silicate at the same condition is comparable to olive oil at room temperature (0.8 ϫ 10 -1 Pa s). The low viscosity of such silicate-rich fluids, together with their favorable wetting properties compared with silica-poor fluids (21, 22) , allows them to migrate out of the subducting slab even at low volume fractions and to infiltrate the overlying mantle wedge along channels or grain boundaries. High contents of dissolved silicate could be a prerequisite for the mobilization of subduction-related aqueous fluids, because silicate-poor fluids remain trapped in the slab as a result of their high wetting angles (23). Therefore, it may be no coincidence that volcanic fronts occur only at positions where complete miscibility between aqueous fluids and silicate melts is possible [ϳ70 to 150 km above the subducting plate (24, 25)]. Our results also suggest that the fast ascent rates of subduction-derived material observed in certain arc lavas (26 ) do not necessarily indicate transport by means of a near-endmember aqueous fluid, but could be accomplished by liquids with high silica contents. The possibility of material transport by silica-rich hydrous fluids should therefore be considered in any quantitative model of element recycling in subduction zone environments. . 20. The entire data set of the system albite-H 2 O is represented by the formula log ϭ -4.2 ϩ ͭ m aͩ c solids (wt %) 100 ͪ 3 ϩ m bͫ 1 -ͩ c solids (wt %) 100 ͪ 3 ͬͮ ϫ ͩ 10,000 T -2 ͫ 1 -e -cwater(wt %) 15 ͬͪ where m a ϭ 1.68 -0.42[c water (wt %)] 0.29 , m b ϭ 0.008 c solids (wt %), and e is the base of the natural logarithm.
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In situ measurements of the relative humidity with respect to ice (RH i ) and of nitric acid (HNO 3 ) were made in both natural and contrail cirrus clouds in the upper troposphere. At temperatures lower than 202 kelvin, RH i values show a sharp increase to average values of over 130% in both cloud types. These enhanced RH i values are attributed to the presence of a new class of HNO 3containing ice particles (⌬-ice). We propose that surface HNO 3 molecules prevent the ice/vapor system from reaching equilibrium by a mechanism similar to that of freezing point depression by antifreeze proteins. ⌬-ice represents a new link between global climate and natural and anthropogenic nitrogen oxide emissions. Including ⌬-ice in climate models will alter simulated cirrus properties and the distribution of upper tropospheric water vapor.
Water (H 2 O) vapor plays a critical role in
Earth's climate system (1, 2) and is considered the most important greenhouse gas in the atmosphere (3) (4) (5) . Cirrus clouds are a principal component of the water cycle and climate system because of their role in dehydration and their interaction with visible and infrared radiation (6) (7) (8) . Cirrus cloudiness induced by persistent contrails is a principal uncertainty in determining the contribution of aviation to the radiative forcing of climate (9) . Water vapor uptake on ice particle surfaces is generally assumed to control the equilibrium relative humidity with respect to ice, RH i , in natural and contrail cirrus clouds. The characteristic high particle number and surface area density (SAD) of persistent contrails are expected to be particularly effective in maintaining RH i at 100% (10) (11) (12) . Although the effects of chemical impurities on the nucleation of liquid and solid cloud particles are well recognized (13) (14) (15) , the possibility that chemical impurities might enhance RH i in cirrus clouds has not been proposed. Here, we show that RH i is increased about 100% at low temperatures in natural cirrus clouds and persistent contrails in the upper troposphere and, further, we propose that the mechanism for this increase is the formation of a new class of HNO 3 -containing ice particles.
Airborne in situ measurements in both cloud types were made at subtropical latitudes in summer 2002 (16) . The derived values of RH i are shown in Fig. 1 as a function of ambient temperature. The cloud data all were selected to have SADs greater than 100 m 2 cm Ϫ3 (16) . Natural cirrus cloud data from 10 July flights show an average RH i value of 113% above 202 K and 135% below 202 K. On four of the flights, HNO 3 adsorbed on cloud particles was also measured. These data show average RH i values above and below 202 K that are similar to the 10-flight averages. Although many previous observations show RH i values well above 100% in and out of clouds (17) (18) (19) (20) , few incloud observations are available at temperatures below 210 K. Equilibrium RH i values are expected to be 100% in a dense cirrus cloud in the absence of strong wave activity or radiative heating and cooling (21) . Some previous observations show increased frequency of RH i values above 100% with decreasing temperature (20) .
Ambient RH i is calculated from measurements of water vapor, pressure, and temperature, and from laboratory measurements of the water vapor pressure over ice (16) . The aircraft payload included two water vapor measurements based on independent techniques and two similar pressure and temperature measurements (16) . For all the flight data shown here, agreement between the various component measurements establishes high confidence in the precision of the RH i determination. The average precision of the RH i measurements is approximately Ϯ5%, indicating that the scatter in cirrus RH i in Fig.  1 is primarily due to natural variability. The RH i accuracy is Ϯ11% based on an estimate of total systematic error (16) . Between 202 and 230 K in Fig. 1 , the average RH i value of 113% is nearly equal to the expected value of 100% within the Ϯ11% accuracy. Below 202 K in Fig. 1 , the average RH i values exceed 100% by an average of near 35%, which is much greater than the estimated 11% accuracy. This high average value in natural cirrus clouds and contrails is the focus of the discussion below.
All cirrus clouds are dynamic systems, continuously evolving as wave activity, temperature, radiation, or water vapor amounts change locally and as ice particles grow, evaporate, and undergo gravitational sedimentation. With only the limited number of observations of natural cirrus in Fig. 1 , the average RH i value of 135% at temperatures below 202 K cannot be defined confidently as an equilibrium value. However, the contrail observations of enhanced RH i help establish this confidence. Contrail cirrus clouds differ from natural cirrus clouds because their ice particles have higher number concentrations (100 to 200 cm Ϫ3 versus Ͻ Ͻ 100 cm Ϫ3 ) and smaller sizes (0.5 to 3 m versus Ͼ20 m diameter). As a consequence, the relaxation time for water vapor to reach an equilibrium value with the contrail ice surface typically requires less than 1 min (12) . Because the contrail data in Fig. 1 are associated with contrail ages between 5 and 40 min, the associated RH i values are considered representative of equilibrium conditions (16) . Wave activity or related perturbations are not expected to increase average RH i by more than 3% above the equilibrium value in the contrails sampled here (22) . Similarly, perturbations to the equilibrium state in natural cirrus caused by gravity waves associated with convection are not considered important for data in Fig. 1 (22 . The points are plotted at the average temperature of each bin with vertical bars that show the standard deviation in each 5 K temperature bin. The clouds were sampled at an altitude between 10 and 15 km. The horizontal dashed line at 113% represents the average of data above 202 K. The cloud data were chosen to have ice SAD greater than 100 m 2 cm Ϫ3 . The colored points are from four flights for which HNO 3 data are also available (11, 13, 19 , and 21 July). The colors correspond to adsorbed HNO 3 surface coverage of cirrus ice as shown by the color bar. The black solid triangles and diamonds represent averages of 1-s contrail data for 13 July (270 data points) and 19 July (72 data points), respectively, over temperature bin widths of 0.86 and 0.33 K, respectively. Vertical bars on the contrail points show the standard deviation in each temperature bin. Data for temperatures less than 204 K are expanded in the inset. The contrail measurements confirm the uptake of HNO 3 on contrail particles, but the large uncertainty in the surface area measurements at small particle sizes precludes calculating a surface area coverage.
(7-min) sampling period. This dependence is particularly important because it suggests a temperature threshold for increased RH i values. The observation of this threshold is not affected by the accuracy of the RH i measurements and hence offers strong support for a systematic difference between RH i above and below 202 K, independent of the natural cirrus observations. The data suggest that the observed cirrus and contrail particles at temperatures below 202 K are not pure water ice. We propose that HNO 3 adsorbed on ice particles increases RH i under the conditions analyzed here. HNO 3 is ubiquitous in the sampled cloud parcels, varying from 100 to over 1000 parts per trillion by volume (pptv) (Figs. 2 and 3 ). Furthermore, some amount of HNO 3 was found to be condensed on essentially all of the ice particle samples reported here ( Figs. 1  and 2) , which is consistent with other observations in mid-and high-latitude low-temperature cirrus (25) (26) (27) . Mass accommodation coefficients of up to 0.4 indicate that HNO 3 is readily adsorbed onto the low-temperature surfaces of liquid water and ice (28) (29) (30) (31) (32) (33) . On board the aircraft, HNO 3 was measured in situ with two independent detection channels (16) : one channel for gas-phase HNO 3 and the other for gas-phase and condensed-phase HNO 3 . By combining HNO 3 and particle size and number measurements, the amount of condensed-phase HNO 3 per unit of particle surface area was calculated. Condensed HNO 3 amounts are expressed in units of molecules cm Ϫ2 (see color bar in Fig. 1 ) or as monolayers of ice-particle surface coverage, assuming that a monolayer is equal to approximately 10 15 molecules cm Ϫ2 (Fig. 2) . Average coverage as a function of temperature shows an increase with decreasing temperature, especially below 200 K ( Fig. 1) . For most of the data, measured total amounts of HNO 3 could provide coverages of between 0.1 and several monolayers (Fig. 2 ). However, observed condensed HNO 3 amounts are equivalent to 0.1 monolayer coverage or less.
Although our observations show HNO 3 uptake by ice particles, the thermodynamic state of this condensed HNO 3 is not known. Laboratory studies indicate that HNO 3 is strongly bound on the ice surface and has low bulk solubility (34) (35) (36) . Furthermore, it is expected that HNO 3 in bulk ice readily diffuses to the ice surface (37) . The supercooled HNO 3 -H 2 O binary solution, nitric acid trihydrate (HNO 3 ⅐3H 2 O or NAT), and ice are the only thermodynamically stable condensed phases for the range of total HNO 3 and H 2 O values associated with the data in Fig. 1 (16) . NAT stability as a function of temperature and the HNO 3 /H 2 O abundance ratio is based on laboratory measurements (39, 40) . As shown in Fig. 3 , only sampled cloud parcels with temperatures lower than approximately 200 K have conditions suitable for NAT formation. It is the same small fraction of parcels that has an average RH i of 135% in Fig.  1 . The lowest-temperature contrail data (13 July) also fall in the stability region, whereas the contrail data showing threshold behavior (19 July) fall just outside. Thus, a requirement for NAT stability is largely consistent with the observations of enhanced average RH i below 202 K.
We propose that HNO 3 molecules adsorbed on cirrus cloud particles under NAT stability conditions combine with surface H 2 O molecules to form NAT or NAT-like molecules that interfere with the uptake of water molecules on the ice surface more than with evaporation. Such an ice particle is designated hereafter as a ⌬-ice particle. For Fig. 2 . HNO 3 amounts as a function of measured SAD in natural cirrus clouds. The points are 10-s averages representing two data sets: total available HNO 3 (black points) and condensed-phase HNO 3 on ice (red points). Within each data set, the symbol type indicates ambient temperature above (open circles) and below (solid circles) 202 K. Each data set corresponds to the data set of colored points in Fig. 1 . Vertical axes represent HNO 3 abundances in units of total moles m Ϫ3 and the equivalent gasphase mixing ratio at 130 hPa and 200 K. The mixing ratio scale is accurate for all points within a factor of 2 because of the limited pressure and temperature range of the measurements. The horizontal axes represent SAD and surface site concentrations, with the latter calculated using a constant value of 10 15 sites cm Ϫ2 for a surface monolayer. Surface coverage of NAT will be proportionately larger than the coverage of HNO 3 alone by about a factor of 3. The diagonal lines represent constant monolayer coverage as labeled. SAD measurements by two independent techniques are in agreement, except for contrail particle data which are not shown (supporting text). The small arrows indicate the equilibrium gas-phase HNO 3 amounts on the NAT/ice phase boundary at the noted temperatures. These amounts are the minimum required for bulk NAT to be stable at the designated temperatures. Fig. 3 . Measured total HNO 3 values plotted as a function of ambient temperature in natural cirrus clouds and contrails. Total HNO 3 is the sum of gas-phase and condensed HNO 3 . The cirrus data set of 10-s averages is the same as the set of colored points in Fig. 1 . The contrail data are shown for 13 July (red triangles) and 19 July (blue triangles). The use of the righthand axis is discussed in the caption of Fig. 2 . The diagonal dashed line represents the amount of total HNO 3 in the vapor phase on the NATice coexistence phase boundary (39) . Points above the line represent cloud parcels with sufficient HNO 3 and sufficiently low temperature that the NAT phase is stable. The points with NAT stability all correspond to data points below 202 K in Fig. 1, which have an average RH i of 135%. This correspondence is the basis of the proposed NAT stability requirement for ⌬-ice formation. As discussed in the text and shown in Fig. 2 , NAT does not actually form in the bulk and control the HNO 3 vapor pressure. However, the cloud parcels with NAT stability also have the highest average surface coverages of HNO 3 , as shown by comparison with Fig. 1 .
⌬-ice, the uptake interference can be expressed as a reduction in the water condensation coefficient ␣ that causes an increase in RH i in a metastable equilibrium state according to the schematic in Fig. 4 (41) . This schematic contrasts the flux balances over pure ice and ⌬-ice. The condensation coefficient relates the overall collisional flux (Q c ) onto the various facets of an ice particle with the total evaporative flux (Q e ) from those facets (42) . The coefficient accounts for the adsorbed molecules that evaporate before being incorporated into the crystal lattice. Based on the RH i data presented here, the ratio ␣ ice /␣ ⌬-ice is approximately 1.3.
The general concept of ⌬-ice is supported by theoretical and experimental studies that have addressed the role of impurities and microphysical processes in crystal growth and habit (43) (44) (45) (46) . Impurity molecules adsorbed individually, as two-dimensional layers, or as surface microclusters can lead to macroscopic effects such as changes in growth rate, supersaturation, or crystal habit. Laboratory experiments have shown that the presence of HNO 3 during ice crystal growth changes the crystal habit (47) , that ethanol substantially slows the ice crystal growth rate (46) , and that the accommodation coefficient of water vapor is reduced on ice surfaces doped with HCl or HBr (48) . Changes of habit and growth rate provide strong evidence for a reduction in ␣ at the growth sites of a complex crystal.
Specific support for the ⌬-ice mechanism comes from the microphysical role of antifreeze proteins (AFPs) in lowering the freezing point of liquid water in biological organisms (49) . AFPs alter the equilibrium at the ice/water interface by bonding to crystal growth sites and inhibiting the further incorporation of water molecules into the crystal lattice (50, 51) . The inhibition is a noncolligative process that lowers the freezing point of water by up to 2 K depending on the AFP and its concentration. Several mechanisms have been proposed to explain the effect of AFPs. One mechanism that has received substantial support is that, by occupying key growth sites, AFP molecules force a reduction in the radius of curvature of new growth (51) . This change causes a reduction in freezing point (or an increase in vapor pressure in an ice/vapor system) as a result of the Kelvin effect.
NAT on the ⌬-ice surface might reduce ␣ in one or more ways (␣ ⌬-ice Ͻ ␣ ice in Fig. 4 ). First, NAT or NAT-like molecules could play a role similar to that of AFPs. Single molecules or clusters of molecules would preferentially form at growth sites (i.e., steps or other dislocations) on the ice surface. Because ice grows through step propagation (52) and at crystal discontinuities (53), these adsorbed molecules would reduce ␣ but not reduce the evaporative flux that occurs at all sites. Second, the formation of regions or partial layers of NAT could also reduce ␣. Based on laboratory studies, water molecules evaporate and readily leave a NAT layer as if it were an ice surface (Q e,⌬-ice Ϸ Q e,ice in Fig.  4) (54, 55) . When they do, the structure of the layer is probably not altered, because an H 2 O molecule from the ice substrate immediately below the layer can reform any severed HNO 3 -H 2 O bonds. However, the reverse process, that of water molecules being taken up by the layer, is hindered at the surface of a NAT layer (56, 31) . Furthermore, laboratory studies show that ice does not readily nucleate on the surface of bulk NAT (57) and so may not nucleate on these partial layers. For both ways noted here, the coverage fraction of NAT on the ice particle surfaces could be comparable to or lower than the increase in RH i above 100%. The coverage would be lower if NAT selectively interferes at crystal growth sites, which are generally a small fraction of surface sites. In the present study, the fractional changes are comparable because ␣ is changed by 1.3 for estimated HNO 3 coverages near 0.1 monolayer, which correspond to larger NAT coverages (ϳ0.3 monolayer). Because of the uncertainty in estimating effective surface coverage for complex crystals, the estimated HNO 3 coverages are likely upper limits.
The HNO 3 vapor pressures observed over ⌬-ice particles as implied in Fig. 2 are higher than the equilibrium NAT values, indicating that the NAT bulk phase is not controlling the HNO 3 vapor pressure. Without bulk NAT, the equilibrium HNO 3 partitioning between the gas and condensed phases is proportional to surface area as (1) where [HNO 3 ] c and [HNO 3 ] g are condensed and gas-phase HNO 3 concentrations, respectively; v is the HNO 3 molecular velocity; ␣ HNO 3 is the surface mass accommodation coefficient on ice; and k d is the HNO 3 desorption rate from the condensed phase. In the sampled natural cirrus clouds as shown in Fig. 2, [HNO 3 ] c /[HNO 3 ] g in general is much less than unity, and [HNO 3 ] c is nominally proportional to SAD, consistent with Eq. 1. Because [HNO 3 ] c /[HNO 3 ] g is constant for a given SAD, uptake that increases the cover- Fig. 4 . Notional schematic of the fluxes at the surfaces of pure ice and ⌬-ice particles and the metastable equilibrium mechanism of RH i enhancement over the ⌬-ice surface. ⌬-ice particles are represented as having a complex habit (19) and having NAT (red blocks) present at various growth sites or as a partial layer. The green arrows represent the H 2 O collisional flux at the ice surfaces. The blue arrows signify H 2 O condensation (␣Q c ) and evaporative (Q e ) fluxes, which for equilibrium conditions must satisfy the criterion of mass balance defined as Q e ϭ ␣Q c (42) . Two assumptions of the ⌬-ice metastable equilibrium mechanism are (i) that the NAT present on ⌬-ice reduces ␣ ⌬-ice below that of ␣ ice , and (ii) that the evaporation of water is not significantly impeded by the presence of NAT (Q e,⌬-ice Ϸ Q e,ice ). To balance the condensation and evaporation fluxes over ⌬-ice, Q c,⌬-ice must be larger than Q c,ice , and therefore RH i must be greater than 100%. age of adsorbed HNO 3 in a ⌬-ice population will be limited thermodynamically. This limit in turn bounds and stabilizes the RH i enhancement in the population.
Confirming the existence of ⌬-ice as a new particle class in the upper troposphere will require focused laboratory studies to complete the description of the microphysics of low-temperature ice with adsorbed HNO 3 . The present observations highlight the need to evaluate the potential role that other adsorbed impurities, such as organic molecules, might play in altering RH i . For example, evidence from single-particle analysis shows that organic compounds are present on nearly all background aerosol particles in the mid-to upper troposphere (58) .
The observations of enhanced and highly variable RH i in low-temperature cirrus clouds as reported here have important implications for our understanding of the role of cloud microphysics in the radiative forcing of climate change. If assumed to be dependent primarily on temperature, enhanced RH i should be present in natural and contrail clouds formed over a large fraction of the globe and over a significant altitude range. An increase in RH i of 35% below 202 K as shown in Fig. 1 has an effect on water vapor that is equivalent to increasing cloud temperatures by 2 K. Thus, simulating these enhanced RH i observations with cloud and climate models will result in reduced cloudiness and increased water vapor in the models in some upper tropospheric regions. These changes in turn will affect calculations of outgoing long-wave radiation at the top of the atmosphere (18) and the dehydration of air transported to the lower stratosphere.
The ⌬-ice concept represents a direct link between climate change and natural and anthropogenic sources of HNO 3 . Produced indirectly from lightning and fossil fuel burning and transported directly from the stratosphere, HNO 3 is ubiquitous in the upper troposphere. HNO 3 abundances of hundreds of pptv are common (59) (60) (61) (62) , as are climatological temperatures below 202 K at low and high latitudes (63) . Based on our proposed requirement of NAT stability, the formation of ⌬-ice and the transition to higher RH i will occur at different temperatures, depending on the ambient HNO 3 concentration. Near 200 K, increasing HNO 3 by 26% increases the NAT stability temperature by 1 K. Because HNO 3 abundances in the upper troposphere are significantly higher in the Northern Hemisphere than in the Southern Hemisphere (64), the frequency and extent of ⌬-ice and its effect on climate parameters will likely be greater in the Northern Hemisphere. Finally, the formation of ⌬-ice may be self-limiting, because HNO 3 (as well as water vapor) will be removed from the upper troposphere through ⌬-ice particle sedimentation. Re-moval of HNO 3 via adsorption on ice followed by sedimentation is an important component in the upper tropospheric budgets of reactive nitrogen (65, 66 
